1. Introduction {#sec1}
===============

Phosphodiesterase (PDE) is a widely expressed family of metallo-hydrolases containing at least 11 isoforms. Among them, PDE5 catalyzes the breakdown of cGMP into the inactive 5′-GMP resulting in multiple cellular activities \[[@B1]\]. Its inhibition has long been recognized as an efficacious therapeutic option for the treatment of erectile dysfunction \[[@B1], [@B2]\]. Interestingly, recent studies have suggested that PDE5 inhibitors may be beneficial in treating the patients with hypertension, cardiovascular diseases, diabetes, CNS-related diseases, or cancers \[[@B3]--[@B5]\].

Insulin resistance, a hallmark of obesity and diabetes, is a pathophysiological condition in which the insulin action to regulate glucose uptake and lipid metabolism is reduced or even vanished in its target tissues such as skeletal muscles and adipose tissues. Several preclinical and clinical studies have evidenced the protection of PDE5 inhibitors against endothelial dysfunction and myocardial ischemia/reperfusion injury through their anti-inflammatory and antioxidant properties \[[@B5]\]. Although the relief of systemic insulin resistance was not observed in the obesity treated with PDE5 inhibitor \[[@B6]\], recent animal studies and clinic trails have highlighted a possibility that PDE5 inhibition contributes to the improvement of insulin resistance in the subjects with diabetes \[[@B7]--[@B9]\]. Additionally, PDE5 inhibitors display an insulin-like effect on insulin-sensitizing cells such as skeletal muscle cells, adipocytes, and endothelial cells, leading to the attenuation of insulin resistance \[[@B10]--[@B13]\]. These studies clearly suggest that PDE5 inhibitors play a critical role in the regulation of insulin signaling. However, the functional role of PDE5 per se is still needed to be further evaluated.

In the present study, we figured out the molecular mechanism underlying PDE5 function on insulin signaling. Our data showed that PDE5 suppressed proteasome activity leading to endoplasmic reticulum (ER) stress and ultimately insulin resistance in C2C12 myotubes. The identification of PDE5 as a novel modulator of insulin signaling should deepen our knowledge and understanding of the molecular mechanism of insulin resistance and the development of type 2 diabetes.

2. Methods {#sec2}
==========

2.1. Cell Culture and Insulin Treatment {#sec2.1}
---------------------------------------

C2C12 myoblasts (CRL-1772™) were obtained from the American Type Culture Collection (ATCC, Manassas, USA) and cultured in a growth medium (DMEM supplemented with 10% FBS, 2 mmol/L L-glutamine, 100 units/mL penicillin, and 100 mg/mL streptomycin). Myogenesis was produced as described previously \[[@B14]\]. Briefly, C2C12 myoblasts at 100% confluence were grown in DMEM with 0.1% FBS, 1% P/S, and 50 nmol/L insulin for 72 h. At that time, more than 90% of the cells were differentiated to myotubes. All cells were incubated at 37°C in a humidified atmosphere containing 5% CO~2~. To determine insulin signaling pathway, C2C12 myotubes were starved serum overnight and then stimulated with 100 nmol/L insulin for further 10 min.

2.2. Plasmid Construction and Virus Infection {#sec2.2}
---------------------------------------------

Adenovirus carrying mouse full-length PDE5A cDNA, shRNA against mouse PDE5A, or shRNA scramble control, respectively, was constructed as described previously \[[@B15]\]. Adenovirus encoding *β*-galactosidase (*β*-gal) was kindly provided by Drs. Feng Liu and Lily Q. Dong (University of Texas Health Science Center at San Antonio, USA). Overexpression or knockdown of PDE5A in C2C12 myotubes was induced by adenovirus infection. In brief, the cells were incubated in a serum-free DMEM containing adenoviruses (MOI:50) for 6 h, and then grown in a growth medium for another 42 h. After forty-eight hours of infection, the cells were ready for experimental study.

2.3. Glucose Uptake Determination {#sec2.3}
---------------------------------

Glucose uptake was measured using Glucose Uptake Assay Kit (Colorimetric) (ab136955, Abcam, Shanghai, CN) according to the manufacturer\'s instructions.

2.4. Proteasome Activity Measurement {#sec2.4}
------------------------------------

The chymotrypsin-like activities of the proteasome were measured as described previously \[[@B16], [@B17]\]. Briefly, the cells were lysed with cytosolic extraction buffer containing 50 mmol/L HEPES, pH 7.5, 20 mmol/L KCl, 5 mmol/L MgCl~2~, 2 mmol/L ATP, 1 mmol/L DTT, and 0.025% digitonin. The synthetic fluorogenic peptide substrate Suc-LLVY-AMC was used for assaying the chymotrypsin-like activities of 20S proteasome. For assay specificity, 1 *μ*mol/L of proteasome inhibitor MG132 was incubated with the extract. The fluorescence intensity was obtained at an excitation wavelength of 350 nm and emission wavelength of 440 nm by using a fluorescence spectrometer (PerkinElmer precisely LS 55, Billerica, MA, USA).

2.5. Western Blot {#sec2.5}
-----------------

Total protein was extracted with the ice-cold lysis buffer containing 50 mmol/L HEPES, pH 7.6, 150 mmol/L NaCl, 1% Triton X-100, 10 mmol/L NaF, 20 mmol/L sodium pyrophosphate, 20 mmol/L *β*-glycerol phosphate, 1 mmol/L sodium orthovanadate, 10 *μ*g/mL leupeptin, 10 *μ*g/mL aprotinin, and 1 mmol/L phenylmethanesulfonyl fluoride. The protein concentration was determined with the BCA (bicinchoninic acid) protein assay (Thermo, Rockford, IL, USA). The samples were mixed with equal volume of 2x SDS-PAGE loading buffer and then heated at 100°C for 10 min. The proteins were separated on SDS-PAGE gel and then transferred onto a PVDF blotting membrane. The membrane was blocked with 5% dry milk, incubated with specific primary antibodies at 4°C overnight, and followed by incubation with secondary antibodies at room temperature for 1 h. Protein bands were detected with an enhanced chemiluminesence (ECL) kit.

2.6. Statistical Analysis {#sec2.6}
-------------------------

The data are presented as the mean ± SD. Analysis of variance (ANOVA) and Tukey-Kramer post hoc test or Student\'s *t*-test were performed to test the significance of differences between groups. *P* \< 0.05 was considered significant. The figures are representative of at least four independent experiments with the similar results.

3. Results {#sec3}
==========

3.1. PDE5A Negatively Regulated Insulin Signaling in C2C12 Myotubes {#sec3.1}
-------------------------------------------------------------------

To observe the potential impacts of PDE5A on insulin signaling, C2C12 myotubes were infected with adenoviruses carrying mouse PDE5A cDNA or shRNA, respectively. The adenoviruses carrying *β*-galactosidase or the scramble sequences of PDE5A shRNA were used as controls. Forty-eight hours after infection, the cells were incubated in a serum-free medium overnight and then treated with or without 100 nmol/L insulin for 10 min. As shown in [Figure 1](#fig1){ref-type="fig"}, PDE5A overexpression markedly decreased but PDE5A knockdown significantly increased the insulin-stimulated phosphorylation of Akt T308 and its downstream AS160, accompanied with the reduced or enhanced 2-DG uptake, suggesting that PDE5A inhibited insulin signaling in C2C12 myotubes.

3.2. ER Stress-Mediated PDE5A Action on Insulin Signaling in C2C12 Myotubes {#sec3.2}
---------------------------------------------------------------------------

As shown in Figures [2(a)](#fig2){ref-type="fig"} and [2(b)](#fig2){ref-type="fig"}, PDE5A-overexpressed C2C12 myotubes exhibited the elevated levels of ER stress markers such as CHOP and phosphorylated IRE-1*α*, as well as the increased expressions of JNK phosphorylation which is believed to be responsible for ER stress-induced insulin resistance. Indeed, PDE5A overexpression significantly increased the phosphorylation of IRS-1 at Ser307, a potential molecular marker for insulin resistance. Consistent with these results, PDE5A knockdown greatly inhibited the expression levels of CHOP, phosphorylated IRE-1*α*, phosphorylated JNK, and phosphorylated IRS-1, when compared with the scramble control (Figures [2(c)](#fig2){ref-type="fig"} and [2(d)](#fig2){ref-type="fig"}). These results indicate that PDE5A activated ER stress/JNK signaling pathway in C2C12 myotubes.

To further confirm the impacts of PDE5A-induced ER stress on insulin signaling, PDE5A-overexpressed C2C12 myotubes were incubated in a serum-free medium overnight and then treated with or without 10 mmol/L 4-PBA, a selective ER stress inhibitor for 3 h, followed by stimulation with 100 nmol/L insulin for 10 min. We found that 4-PBA administration significantly enhanced the insulin-stimulated phosphorylation of Akt at T308 (Figures [3(a)](#fig3){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"}) and 2-DG uptake ([Figure 3(c)](#fig3){ref-type="fig"}) when compared with those in the PDE5A-overexpression group.

Previous studies have evidenced that 4-PBA can sensitize PI3K/Akt signaling and promote glucose uptake in some normal cells including C2C12 myotubes in an ER stress-independent manner \[[@B18], [@B19]\]. To further demonstrate the involvement of ER stress in PDE5A-induced insulin resistance, STF-083010 (STF), a novel small-molecule inhibitor of IRE1 \[[@B20]\], was used to inhibit IRE1-mediated branch of the unfounded protein response (UPR), which has been recognized as a critical mediator of ER stress-induced insulin resistance in myotubes by activating JNK/IRS-1 pathway \[[@B21]\]. PDE5A-overexpressed C2C12 myotubes were starved serum overnight, treated with or without 60 *μ*mol/L of STF for 3 h, and then stimulated with or without 100 nmol/L insulin for additional 10 min. We found that similar to 4-PBA administration, STF treatment significantly increased insulin-stimulated Akt T308 phosphorylation (Figures [3(d)](#fig3){ref-type="fig"} and [3(e)](#fig3){ref-type="fig"}) and 2-DG uptake ([Figure 3(f)](#fig3){ref-type="fig"}) when compared with those in the PDE5A-overexpression group.

Taken together, these results further affirm that ER stress positively mediated PDE5A action on insulin signaling in C2C12 myotubes.

3.3. PDE5A Suppressed the Chymotrypsin-like Proteasome Activity in C2C12 Myotubes {#sec3.3}
---------------------------------------------------------------------------------

To investigate the impacts of PDE5A on the proteasome activity, C2C12 myotubes were coinfected with adenoviruses carrying GFPu, a proteasome function reporter, and mouse PDE5A cDNA or shRNA, respectively. We found that PDE5A overexpression or knockdown obviously increased or decreased the GFPu protein levels, respectively (Figures [4(a)](#fig4){ref-type="fig"} and [4(b)](#fig4){ref-type="fig"}). Peptidase activity assays also revealed that the chymotrypsin-like activities of proteasome were significantly reduced or enhanced in PDE5A-overexpressed or -silenced C2C12 myotubes, respectively (Figures [4(c)](#fig4){ref-type="fig"} and [4(d)](#fig4){ref-type="fig"}). These results indicate that PDE5A inhibited the proteasome activities in C2C12 myotubes.

When PDE5A knockdown or control cells were overexpressed with GFPu and then treated with or without 5 *μ*mol/L of proteasome inhibitor MG132 for 6 h, we found that MG132 administration markedly prevented PDE5A knockdown-induced reduction of GFPu protein (Figures [4(e)](#fig4){ref-type="fig"} and [4(f)](#fig4){ref-type="fig"}), suggesting that PDE5A knockdown-reduced GFPu protein levels were attributed to its regulation on proteasome activity.

3.4. Inhibition of PDE5A Reversed Its Impacts on Proteasome Activity, ER Stress, and Insulin Signaling in C2C12 Myotubes {#sec3.4}
------------------------------------------------------------------------------------------------------------------------

To elucidate the functional significance of the links among PDE5A, proteasome activity, and ER stress, PDE5 was inhibited by icariin, a cGMP-specific PDE5 inhibitor. C2C12 myotubes cooverexpressed with GFPu and PDE5A were incubated in the presence or absence of 10 *μ*mol/L icariin for 6 h. We found that the GFPu protein levels were significantly suppressed (Figures [5(a)](#fig5){ref-type="fig"} and [5(b)](#fig5){ref-type="fig"}), whereas the chymotrypsin-like activity of proteasome was significantly elevated ([Figure 5(c)](#fig5){ref-type="fig"}) in the icariin-treated cells when compared with the cells overexpressed with PDE5A. Icariin treatment also markedly reduced the expressions of CHOP protein, phosphorylated IRE-1*α*, phosphorylated JNK, and phosphorylated IRS-1 ([Figure 6](#fig6){ref-type="fig"}), suggesting a suppression of ER stress/JNK signaling.

When PDE5A-overexpressed C2C12 myotubes were starved serum overnight, and then grown in the presence or absence of 10 *μ*mol/L icariin for 6 h, followed by stimulation with 100 nmol/L insulin for 10 min, we found that icariin administration greatly mitigated PDE5A-reduced phosphorylation of Akt at T308 and 2-DG uptake ([Figure 7](#fig7){ref-type="fig"}), suggesting that PDE5A inhibition sensitized insulin signaling.

4. Discussion {#sec4}
=============

PDE5 has been found to be expressed in the insulin-sensitizing cells including adipocytes, cardiac myocytes, and skeletal muscle cells \[[@B12], [@B15], [@B22], [@B23]\]. Its specific inhibitors enhance the insulin-stimulated phosphorylation of the signaling molecules such as IRS-1, Akt, mTOR, and MAPK and \[[@B11], [@B23]\]. These insulin-mimicking effects result in the improvement of glucose metabolism and lipid homeostasis in human skeletal muscle cells and mouse skeletal muscle C2C12 cells \[[@B11], [@B12], [@B23]\]. However, it is still unclear how PDE5 per se functions on insulin signaling. In the present study, we showed that PDE5A inhibited insulin signaling, aggravated ER stress, and impaired proteasome activity. Selective inhibition of ER stress/UPR by 4-PBA and STF or PDE5 by icariin significantly attenuated the inhibitory effects of PDE5A overexpression on the insulin-stimulated Akt phosphorylation and 2-DG uptake. In addition, icariin administration recovered PDE5A-reduced proteasome activity and mitigated PDE5A-exacerbated ER stress. These results provide evidence for the first time that PDE5A could induce insulin resistance by targeting proteasome/ER stress pathway.

ER is responsible for the synthesis, folding, and assembling of the various secretory and membrane proteins. Previous studies have clearly demonstrated the contribution of ER stress to insulin resistance. Under stressful conditions such as obesity and diabetes, the misfolded or unfolded proteins accumulate in the ER lumen, which triggers an UPR or ER stress response leading to insulin resistance through hyperactivation of JNK and subsequent serine phosphorylation of IRS-1 \[[@B21], [@B24]\]. Our results are consistent with these findings showing the interference of ER stress on insulin signaling. Our results showed that PDE5A positively regulated ER stress and inhibition of ER stress or UPR by its specific inhibitor 4-PBA or STF significantly increased the insulin-stimulated Akt phosphorylation and 2-DG uptake in PDE5A-overexpressed C2C12 myotubes. Thus, ER stress mediates the inhibitory impacts of PDE5A on insulin signaling.

It has been reported that the adaptive UPR plays a predominant role in maintaining the ER function and ER proteostasis through activating ubiquitin-proteasome ERAD (I) \[[@B25]--[@B27]\]. In addition, a number of studies have shown the close association between ER proteostasis and insulin resistance \[[@B17], [@B28], [@B29]\]. Impaired proteasome activity would exacerbate the accumulation of the unfolded or misfolded proteins in ER lumen ultimately leading to insulin resistance through ER stress/UPR/JNK signaling pathway \[[@B17], [@B28]\]. Notably, cGMP-dependent protein kinase (PKG) is regulated by PDE5 in various cells and PDE5 inhibition activates PKG to counteract ER stress \[[@B5], [@B22], [@B30]\]. Given that the activated PKG is capable of benign proteasome enhancement \[[@B31], [@B32]\], it should be reasonable to raise the hypothesis that ER tress and UPR could be modulated by PDE5 through its impacts on PKG-dependent proteasome activity.

Icariin is a specific inhibitor of PDE5, suppressing all three PDE5 isoforms \[[@B33], [@B34]\]. In addition, icariin has been reported to be able to increase the expression levels of some proteasome subunits like proteasome subunit-alpha type 6 and type 2 and reverse the inhibitory impacts of proteasome inhibitor epoxomicin on proteasome activity \[[@B35]\]. Indeed, our results found that PDE5 inhibition by icariin significantly restored PDE5 overexpression-reduced proteasome activity, along with the reduction of ER stress and the improvement of insulin resistance. Combined with our results showing that proteasome inhibitor MG132 restored PDE5A knockdown-reduced GFPu protein levels, our results therefore confirmed the involvement of the proteasome activity in PDE5-induced insulin resistance in C2C12 myotubes.

In summary, we showed that PDE5A-suppressed proteasome activity initiated a series of responses resulting in the blocking of insulin signaling in C2C12 myotubes. This new finding provides a novel mechanism by which PDE5 leads to insulin resistance. Characterization of the mechanism of PDE5-impaired ER proteostasis and its physiological or pathophysiological consequences should undoubtedly deepen our understanding of the development of insulin resistance and related diseases such as obesity and type 2 diabetes.
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![Effects of PDE5A on insulin signaling in C2C12 myotubes. (a) Representative western blots showing the insulin- (INS-) stimulated phosphorylation of Akt T308 and AS160 in the cells with PDE5A overexpression (OE); (b) quantification of phosphorylated Akt T308, phosphorylated AS160, and PDE5A protein in (a); (c) insulin-stimulated 2-DG uptake in the cells with PDE5A overexpression; (d) representative western blots showing the phosphorylation of Akt T308 and AS160 in the cells with PDE5A knockdown (KD); (e) quantification of phosphorylated Akt T308, phosphorylated AS160, and PDE5A protein in (d); (f) 2-DG uptake in the cells with PDE5A knockdown. *N* = 4. ^∗∗^*P* \< 0.01, ^∗∗∗^*P* \< 0.001 vs. the indicated group.](IJE2019-3054820.001){#fig1}

![Effects of PDE5A on ER stress in C2C12 myotubes. (a) Representative western blots showing the ER stress markers and the phosphorylation of JNK and IRS-1 S307 in the cells with PDE5A overexpression (OE); (b) quantification of the protein or phosphorylated protein levels in (a); (c) representative western blots showing the ER stress markers and the phosphorylation of JNK and IRS-1 S307 in the cells with PDE5A knockdown (KD); (d) quantification of protein or phosphorylated protein levels in (c). *N* = 4. ^∗^*P* \< 0.05, ^∗∗^*P* \< 0.01 vs. the control group.](IJE2019-3054820.002){#fig2}

![Effects of inhibition of ER stress on insulin signaling in PDE5A-overexpressed C2C12 myotubes. (a) Representative western blots showing the effects of 4-PBA on insulin- (INS-) stimulated phosphorylation of Akt T308 and AS160; (b) quantification of phosphorylated Akt T308 and AS160 in (a); (c) effects of 4-PBA on insulin-stimulated 2-DG uptake. (d) Representative western blots showing the effects of STF-083010 on insulin-stimulated phosphorylation of Akt T308 and AS160; (e) quantification of phosphorylated Akt T308 and AS160 in (d); (f) effects of STF-083010 on insulin-stimulated 2-DG uptake. *N* = 4. ^∗∗^*P* \< 0.01 vs. the control group; \#\#*P* \< 0.01 vs. the insulin-treated group.](IJE2019-3054820.003){#fig3}

![Effects of PDE5A on the proteasome activity in C2C12 myotubes. (a) Effects of PDE5A overexpression (OE) on the GFPu protein levels; (b) effects of PDE5A knockdown (KD) on the GFPu protein levels; (c) effects of PDE5A overexpression on the chymotrypsin-like activity of proteasome; (d) effects of PDE5A knockdown on the chymotrypsin-like activity of proteasome. (e) Representative western blots showing the effects of proteasome inhibitor MG132 on the GFPu protein levels; (f) quantification of the GFPu protein levels in (e). *N* = 4. ^∗^*P* \< 0.05, ^∗∗∗^*P* \< 0.001 vs. the control group or the indicated group.](IJE2019-3054820.004){#fig4}

![Effects of PDE5 inhibitor icariin (Ica) on proteasome activity in PDE5A-overexpressed C2C12 myotubes. (a) Representative western blots showing the effects of icariin on the GFPu protein levels; (b) quantification of the GFPu protein levels in (a); (c) effects of icariin on the chymotrypsin-like activity of proteasome. *N* = 4. ^∗∗∗^*P* \< 0.001 vs. the control group; \#*P* \< 0.05, \#\#*P* \< 0.01 vs. the PDE5A-overexpression (OE) group.](IJE2019-3054820.005){#fig5}

![Effects of PDE5 inhibitor icariin (Ica) on ER stress in PDE5A-overexpressed C2C12 myotubes. (a) Representative western blots showing the effects of icariin on the ER stress markers and phosphorylation of JNK and IRS-1 S307; (b) quantification of the protein or phosphorylated protein levels in (a). *N* = 4. ^∗∗^*P* \< 0.01, ^∗∗∗^*P* \< 0.001 vs. the control group; \#*P* \< 0.05, \#\#*P* \< 0.01 vs. the PDE5A-overexpression (OE) group.](IJE2019-3054820.006){#fig6}

![Effects of PDE5 inhibitor icariin (Ica) on insulin signaling in PDE5A-overexpressed C2C12 myotubes. (a) Representative western blots showing insulin- (INS-) stimulated phosphorylation of Akt T308 and AS160 in the cells treated with or without icariin; (b) quantification of the ration of phosphorylated Akt T308 to Akt protein in (a); (c) insulin-stimulated 2-DG uptake in the cells treated with or without icariin. *N* = 4. ^∗∗∗^*P* \< 0.001 vs. the insulin-stimulated control group; \#\#*P* \< 0.01 vs. the insulin-stimulated PDE5A-overexpression (OE) group.](IJE2019-3054820.007){#fig7}
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